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Excessive use of desalination, due to the increase in fresh water demand, results in 
large productions of reject brine. Therefore, the development of an efficient 
treatment process of the reject brine becomes vital. The Solvay process is one of the 
main treatment technologies, wherein NH3 is introduced to convert soluble Na
+ into 
insoluble NaHCO3. However, in this process, Cl
- is not removed and NH4
+ is 
introduced, and therefore electrocoagulation has been proposed for their removal. 
The experiment was designed using Minitab with different initial concentrations of 
chloride (7400 – 32600 mg/l), current densities (0.033 - 0.2 A/cm2) and temperatures 
(3.2 - 36.8°C). It was found that both percentage and rate of removal increased with 
the increased in temperature and current density, and the decrease in initial 
concentration of the ions. For example, at 20°C and initial concentrations of 14250 
mg/l and 20000 mg/l for NH4
+ and Cl-, respectively, increasing the current density 
from 0 to 0.2 A/cm2  resulted in increasing in the removal percentages from 12.5 to 
66.7% and from 3.55 to 28.4% for NH4
+ and Cl-, respectively. At 0.1167 A/cm2 and 
initial concentrations of 14250 mg/l and 20000 mg/l for NH4
+ and Cl-, respectively, 
increasing the temperature from 3.2 to 36.8°C, resulted in increasing in the removal 
from 42.9 to 72.4% and from 21.8 to 29.8% for NH4
+ and Cl-, respectively. However, 
at 0.1167 A/cm2 and 20°C, increasing the initial concentration of Cl- from 7400 to 
32600 mg/l resulted in decreasing in the removal from 56.9 to 45.3% and from 30.3 
to 25.6% for NH4
+ and Cl-, respectively. The results were fitted into model equations 
(14 and 15), which were validated against an independent experimental point not 
used in their development. The selected points were the middle points for the 
independent variables for central composite design for current density (0.1167 
A/cm2) and initial concentrations of 14250 mg/l and 20000 mg/l for ammonium and 
chloride, respectively, but for temperature, the selected point was the high-level point 
for the independent variables for central composite design (30°C). At this condition, 
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Title and Abstract (in Arabic) 
لمركز حي ايد واألمونيا من المحلول الملاتقييم التخثر الكهربي إلزالة أيونات الكلور
 عملية السولفايالناتج من 
 الملخص
 كمية الطلب على المياه العذبة، يؤدي إلى إنتاج ام المفرط لتحلية المياه، بسبب زيادةاالستخد
. عملية لمعالجة المياه المالحةفعالة تقنيات تطوير المياه المالحة. ولذلك، فإنه من المهم من  ةركبي
لتحويل  3NH ضخالمعالجة ، حيث يتم  تقنيات الرئيسيةالسولفاي هي واحدة من 
+Na  الذائب
 ينتج عنه سولفاي الالعملية استخدام فإن  مع ذلكلكن للذوبان. و غير قابلال 3NaHCO إلى
NH4ن كمية الإالكلورايد وباإلضافة إلى ذلك فإزالة 
التخثر الكهربي ، وبالتالي تم اقتراح تزداد +
. المحلول الملحي المركز الناتج من عملية السولفايكطريقة إلزالة األمونيوم والكلورايد من 
 كهربائية اتو كثافملغم / لتر(،  32600 - 7400كلوريد )الأولية مختلفة من  اكيزتر استخدمت
درجة مئوية(. وقد  36.8 - 3.2مختلفة ) حرارةودرجات  (2أمبير / سم 0.2 - 0.033) مختلفة
الكثافة  درجة الحرارة و قد ازداد مع زيادةة وجد أن كال من النسبة المئوية ومعدل اإلزال
 .يوناتالتركيز األولي لأل مع انخفاض، والكهربائية 
أولي من ملغ / لتر كتركيز  20000و  درجة مئوية، 20قد تبين أنه عند سبيل المثال ف ىعل  
 0من  كهربائيةزيادة الكثافة الإن ف،  مونيوملتر كتركيز أولي من األ /ملغ 14250و  يداكلورال
إلى  .553من ٪ و7.66إلى  5.12من  زالةاإلنسبة ؤدي إلى زيادة ت 2سم / أمبير .20إلى  
 ، 2أمبير / سم 0.1167عند الكثافة الكهربائية  و ، على التوالي.والكلورايد من األمونيوم٪ 4.28
 مونيوممن األلتر كتركيز أولي  /ملغ 14250و ملغ / لتر كتركيز أولي من الكلورايد 20000 و
نسبة اإلزالة من  إلى زيادة ؤديتدرجة مئوية،  36.8إلى  3.2 زيادة درجة الحرارة منفإن ، 
عند الكثافة و. والكلورايد، على التوالي ٪ من األمونيوم29.8إلى  21.8٪ و من 72.4إلى  42.9






 56.9إلى انخفاض في نسبة اإلزالة من  يؤديملغ / لتر،  32600إلى  7400من الكلورايد من 
تم استخدام برنامج  والكلورايد، على التوالي. ٪ من األمونيوم25.6إلى  30.3٪ و من 45.3إلى 
Minitab 17.0  تجربة لدراسة تأثير درجة الحرارة، والتركيز األولي للكلورايد  20وتم اجراء
تم واألمونيوم، والكثافة الكهربائية على نسبة إزالة الكلورايد واألمونيوم من محلول السولفاي. 
المعادلة النموذجية التي تمثل  علىوعليه تم الحصول  Minitabادراج النتائج في برنامج ال
استخدام تجربة مختلفة عن ال للتأكد من صحة هذه المعادلة تم ، ولنتائجالعالقة بين المتغيرات وا
 . هذه التجربة المستقلة هي عبارة عن15)و (14 تجربة التي استخدمت لوضع المعادلتين 20
درجة مئوية، و  30بمقدار حرارةدرجة  ، و2أمبير / سم 0.1167بمقدار كثافة الكهربائية
ملغ/ لتر كتركيز أولي من األمونيوم.  14250ملغ / لتر كتركيز أولي من الكلورايد و 20000
 % من الكلورايد قد أزيلت.  26.88% من األمونيوم و 71.55وفي هذه التجربة فقد وجد أنه 
 
ملية عربي، محطات تحلية المياه، المياه المالحة المركزة، تخثر كه :الرئيسية البحث مفاهيم
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Chapter 1: Introduction 
1.1 Overview 
 In many regions, the water resources, including oceans, rivers, lakes and 
underground aquifers are under stress due to excessive withdrawal from surface 
waters, excessive withdrawal of water from underground aquifers, pollution of fresh 
water resources, inefficient use of freshwater (Fry and Martin, 2005). In human 
consumption, the main water demand comes from urban communities, requiring 
water for drinking, drainage and sanitation. It is expected that the urban population 
will grow to 6.3 billion people in 2050 compared with 3.4 billion in 2009 due to 
migration from countryside to the city and population growth. Between 1990 and 
2012, there is about 1.7 billion people who do not have access to improved sources 
of drinking water and tap water (Water for a sustainable world includes data and 
indicators annex for water and energy, 2015). The shortage of water supplies for 
drinking and irrigation purposes is already a very serious problem in the Middle East 
and several other countries in South East Asia and Latin America and severe water 
shortages may occur in many countries of the European Union and the northern 
Mediterranean by 2020 (Le Dirach et al., 2005).  
In addition to the water shortage,  the main water resources, such as surface 
and ground waters, are being constantly polluted from industrial effluents as well as 
other natural processes (Palaniappan, United Nations Environment Programme, 
Division of Environmental Policy Implementation, and Pacifica Institute, 2010). 
Therefore, the treatment of wastewater has become an important issue. As a result, 






water sources, and seawater desalination has become an important way to secure 
freshwater supply for many countries, including the Gulf States (Dawoud, 2005).  
        Processes are specifically designed to remove unwanted elements, such as iron, 
manganese, ammonium, fluorides, chlorides, nitrates, heavy metals and others from 
water. Traditional technologies implemented to produce drinking water include 
coagulation, flocculation, decantation, sand filtration, activated carbon and ion 
exchange. New technologies include membrane technologies such as microfiltration, 
nanofiltration, ultrafiltration and reverse osmosis. There are several disadvantages of 
using the membrane technologies instead of the traditional technologies. These 
disadvantages include that the drop in flow as the membranes becoming clogging 
with the time, the sensitivity to operating parameters and feed characteristics, 
constant cleaning and parts replacement requirements and high fixed costs (Esfahani 
et al., 2014). 
1.2 Relevant Literature 
1.2.1 Desalination 
 Desalination has become an essential source for production of drinking water. 
More than 11,000 desalination plants are in operation throughout the world (Cotruvo, 
2005). Desalination is a process that separates the saline water into two streams, the 
distillate which is the fresh low-salt concentration, and the reject brine stream which 
is the high-salt concentration stream (El-Naas, 2011b). Currently, the global 
production of about 65.2 million m3/d of desalinated water involves the use of at 
least 75.2 TWh per year, which equals about 0.4% of the global electricity 






desalination have been invested. Desalination can be achieved either by physical 
filtration (membrane separation) processes such as Reverse Osmosis or by thermal 
desalination, such as Multi-Stage Flash (MSF) and Multiple Effect Distillation 
(MED). These method are the most commonly used in desalination, especially in the 
Gulf and Middle east areas (El-Naas, 2011b), and are described in sections 1.2.1.1 – 
1.2.1.3. 
Distillation processes produce about 50% of the worldwide desalination capacity, 
and 84% of this is produced by MSF technology. Most MSF plants have been built in 
the Middle East, where energy resources have been inexpensive and plentiful (Shatat 
and Riffat, 2012). 
1.2.1.1 Multi-Stage Flash (MSF) 
         The Multi-Stage Flash Distillation process consists of "flashing" portions of 
water into steam, and this is repeated in several stages at lower and lower pressures. 
Each stage contains a heat exchanger and a condensate collector. Seawater enters the 
tubes of the heat exchangers, and the condensation of the vapor that is created at each 
stage is what heats the seawater. After passing through the heat exchangers, seawater 
enters the brine heater, where it is heated to the highest temperature that the plant 
allows. After that, it enters the first stage where the pressure is decreased to just 
below the vapor pressure of the water. This forces a portion of water to be 
immediately boiled and evaporated, which is then condensed as it enters the tubes of 
the heat exchanger, which is collected in a tray. The freshwater is then cooled as it is 
transported so that the excess energy can go into heating the seawater that first enters 






Shuweiat plant is the largest MSF unit in the United Arab Emirates with a capacity of 
75,700 m3/day (Khawaji et al., 2008). 
 
 
Figure 1.1: Schematic diagram of Multi-Stage Flash (MSF) (Cheah, 2000) 
1.2.1.2 Multiple Effect Distillation (MED) 
        The Multiple Effect Distillation (MED) is categorized as the oldest desalination 
method, which is thermodynamically very efficient (Sayyaadi et al., 2010). Without 
supplying additional heat after the first effect this process allows the seawater feed to 
undergo a multiple boiling. A series of evaporators called effects or “stages” is 
achieved, as shown in Figure 1.2. At reducing pressure and temperature, from a stage 
to the next, a repetition of evaporation and condensation takes place. The need to 
save energy was the basis for the development of this multi-stage process, whereby 
more equipment is required in order to reduce the overall amount and cost of energy 






interesting part about MED is that each stage reuses energy from the previous stage 
in order to heat the incoming brine. When water evaporates in one stage, that steam 
flows through tubes to the next stage. Thus the heat from that evaporated water is 
used to heat and evaporate even more water at the next stage (Cheah, 2000). 
 
 
Figure 1.2: Schematic diagram of Multiple Effect Distillation    (MED) (Cheah, 
2000) 
1.2.1.3 Reverse Osmosis 
        Reverse Osmosis is a non-thermal process where no heating or phase separation 
is required. RO is a pressure-driven process, with the pressure used for separation by 
allowing fresh water to pass through a membrane, leaving the salts behind; to 
overcome the osmotic pressure as shown in Figure 1.3. This process consists of: feed 
water pre-treatment unit, high pressure pumping unit, membrane separation unit and 
permeate post-treatment unit. The seawater flows through different stages to reach 
the desired quality. Firstly, the seawater flows through screens to remove the solid 






the pressure of the pretreated feed water is increased so that it becomes suitable for 
the membrane. Only the molecules passes though the membrane, while the dissolved 
salts are retained (Sauvet-Goichon, 2007). 
 
 
Figure 1.3: Schematic diagram of Reverse Osmosis (Tanuwidjaja, 2002), where the 
water only passes though the membrane after overcoming the osmotic pressure, 
while the dissolved salts are retained 
1.2.2 Reject Brine Management 
        In spite of the development of new and highly efficient desalination processes 
little improvements have been reported for handling and managing the waste by 
product reject brine. For every 1 m3 of desalinated water, it is evaluated that an equal 
amount of the reject brine is generated (El-Naas, 2011a). In the year of 2015, the 
global production of desalinated water was 86.55 million m3/day (Voutchko, N., 
2016). The main environmental challenges to most desalination plants are the 
management or the disposal of the concentrated brine. The cost of the brine disposal 






González et al., 2012). There are limited options for the treatments which include: 
discharge to wastewater treatment plants; deep well injection; land disposal and 
evaporation ponds (El-Naas et al., 2010). The common process to deal with this 
product is to discharge it back into the sea, which as a result will affect the aquatic 
life and the quality of the sea water in the long run (El-Naas et al., 2010).  Different 
factors play important roles in the selection of the best disposal method. These 
factors include the reject brine composition, the acceptance of the public, the amount 
and the quality of the brine, the availability of the location where the brine will be 
discharged to, the capital and the operating costs of the amount of the brine that must 
to be treated before disposing in an acceptable level (El-Naas, 2011a). The most 
common techniques for the treatment of the reject brine are presented in sections 
1.2.2.1-1.2.2.4. 
1.2.2.1 Discharge to wastewater treatment plants 
        Mixing the high salinity brine with a water body reduces the salinity of the brine 
stream. But a salinity assessment impact must be done on the receiving stream 
because this improper dilution of the brine could cause significant marine pollution 
(Ahmad & Baddour, 2014). In order to determine the cost of discharging the reject 
brine, there are different factors that need to be taken into consideration. These 
factors include the cost of the construction and operation, the cost of the 
transportation of the reject brine from the desalination plant to discharge point, and 
the cost of monitoring the effects of  disposal of the reject brine into the water body 
(El-Naas, 2011a).   
        The main disadvantages of discharging into the water body are the high 






available for the marine organisms. In addition, there might be some harmful 
chemicals inside the reject brine such as chloride and hydrogen sulfide, which need 
to be treated before disposing (El-Naas, 2011a). 
1.2.2.2 Deep well injections 
        For the disposal of industrial, municipal and liquid hazardous wastes, deep well 
injection is often considered (El-Naas, 2011a). This method is usually more 
expensive compared to the discharge to surface water; because in the latter method 
long brine transport pipelines are not required. There are some considerations that 
must be taken with the deep well injection of the brine, such as the selection of the 
site, done after a complete geological studies, the capital and the operating cost 
associated with the injection through a deep well, possible leakage in the casing of 
the well due to the corrosion and protection of the groundwater resources from 
pollution (Muniz and Skehan, 1990). 
1.2.2.3 Evaporation ponds 
        The most common method for brine disposal from inland desalination plants is 
the evaporation ponds. There are some advantages of using this process, such as low 
maintenance and operation cost, easy to construct and no mechanical equipment 
requirements (Ahmed et al., 2000). On the other hand, there are many drawbacks of 
using evaporation ponds, which are including the contaminations that might happen 
due to the dissipation of the reject brine into the soil and groundwater and also the 
need of large area of the ponds. In addition, the evaporation rate strongly depends on 








        Ernst Solvay was the first one who developed and successfully uses the Solvay 
process in 1881. It is initially developed for the manufacture of sodium carbonate, 
where concentrated brine is contacted with ammonia and carbon dioxide to form 
soluble ammonium bicarbonate, which reacts with the sodium chloride to form 
soluble ammonium chloride and a precipitate of sodium bicarbonate according to the 
following reaction (El-Naas, 2011a): 
            
 NaCl + NH3 + CO2 + H2O → NaHCO3 + NH4Cl (1) 
 
        The ammonia plays an important role in the reaction of the Solvay process 
where it buffers the solution at a basic pH and increase the precipitation of sodium 
bicarbonate. The most important intermediate product in the Solvay process is the 
sodium bicarbonate (NaHCO3) where the success of the Solvay process depends on 
the solubility of the sodium bicarbonate (NaHCO3). The solubility of NaHCO3 must 
be as low as possible to achieve high conversion. To limit or reduce its solubility it is 
very important to optimize the factors that could achieve the lowest solubility (El-
Naas, 2011a). Increasing the concentration of ammonium bicarbonate would result in 
increasing the concentration of (𝐻𝐶𝑂3
−) which would force the equilibrium in the 
reactions to the left and thus lower the solubility of NaHCO3.  
 













        The aim of the Solvay process is the formation of sodium carbonate, but for 
brine management the aim is to convert water-soluble sodium chloride into insoluble 
sodium bicarbonate that can be removed by filtration (El-Naas, 2011) 
In this thesis, the optimum condition for the Solvay process was used where the 
experiments are done in the semi-batch mode. The highest sodium removal of 33.0% 
and the best CO2 capture of 86.2 % were obtained under specific conditions. The 
optimum CO2 capture efficiency and ions removal was found to be at temperature of 
19.3oC, gas (10% CO2 and 90% Air) flow rate of 1.544 L/min, and 3.3NH3:1NaCl 
molar ratio (Mohammad, 2015a).  
        In industrial application, the first step is passing the ammonia gas through the 
concentrated brine to have the ammoniated brine, and then the carbon dioxide is 
bubbled through the ammoniated brine to form ammonium chloride and sodium 
bicarbonate (El-Naas, 2011a). 
        There are some advantages and disadvantages of using the Solvay process. The 
advantages includes that less electric power is required, the corrosion problem is less, 
low grade brine is used, there will be no problem of disposal of co-product and does 
not require ammonia plant while the disadvantage of using the Solvay process 
include that the Solvay products cannot be return back to the sea water because it 
affects the aquatic life and the ammonia released in the air during the process  
(Dutton, 2014).  
1.2.3 Electrocoagulation Process 
        Electrocoagulation (EC) was first patented in the United States in 1909, but 






supply at that time the electrocoagulation wastewater technologies did not find a 
wide application worldwide. But with the increase of the regulation of waste water 
discharge quality and the standards of the drinking water supply, electrocoagulation 
process regained its importance during the past two decades (Hamdan, 2014). 
      Electrocoagulation is the process that neutralizes the charges of suspended solids, 
which results in a gelatinous large mass that is easy to settle or trapped in a filter. It is 
difficult to remove particles of sizes less than 10 microns. Coagulants could be 
produced using the EC process mostly from either iron or aluminum electrodes 
(Engelhardt, 2010). EC is a complex process, where chemical and physical processes 
occur simultaneously. The metal ions, generated from the sacrificial metal anode 
once the current passed through the electrodes, cause destabilizing of the suspended 
particles and breaking of emulsions. After this process is done, a flocculation is 
formed by the aggregation of the destabilized particles, and a sludge is created, 
which can be removed by sedimentation, flotation or filtration process (Mollah et al., 
2004). 
The electrocoagulation reactor, in its simplest form, consists of an electrolytic 
cell with at least one anode and one cathode, as shown in Figure 1.4. Once external 
power source is connected, an oxidation corrosion reaction takes place at the anode, 
while the cathode is passivated (Mollah et al., 2001).  
        There are many advantages of the EC, which include: 1) produces low amounts 
of sludge, 2) bubbled gasses are produces which causes a floating of the pollutants 
(suspended solids) at the top of the solution, which can be easily collected, 3) high 
efficiency because Flocs are formed that are larger and more stable than flocs formed 
in chemical coagulation, 4) the smallest colloidal particles are removed because the 






the coagulant  (Moussa et al., 2016),  5) small equipment sizes (Mook et al., 2012). 
On the other hand, the disadvantages of the EC include: 1) passivation of electrodes 
because of the  presence of oxides and of precipitation layers on the electrode 
surfaces, 2) the dissociation of the electrodes, and hence regular replacement of the 
electrodes is required which lead to additional costs (Moussa et al., 2016). 
 
 
Figure 1.4: A schematic diagram of an electrocoagulation cell (Mollah et aI., 2004) 
        The treatment with this technique is based on destabilizing dissolved or 
suspended contaminants in the aqueous medium. These contaminants in raw waters 
and wastewaters are typically colloidal particles, which are in stable situation in the 
aqueous solutions, making it difficult to remove by sedimentation in a reasonable 
period of time. This stability comes from the balance between the attractive and the 
repulsive force.  These colloids could be described as microscopic particles, which 
have at least one dimension in the range of 1 nm to 10 μm, that are dispersed 






surface of the particles attract ions on the solution of the opposite charges and 
repulse ions of the same charges (Vepsalainen and Valtion, 2012). Electrical double 
layer is then formed due to the separation of charges on the particle surface, as 











Figure 1.5: Schematic diagram of the electric double layer. The Stern layer of 
counter ions (layer of bright grey (yellow) ions) that attach to a charged surface. Ion 
concentrations near the surface decrease further from the surface, thus forming the 
diffuse layer (Vepsalainen and Valtion, 2012) 
In inner region known as stern layer, ions are tightly bound to the surface, 
whereas the outer layer known as Gouy-Chapman layer are moving under the 
influence of diffusion (Vepsalainen and Valtion, 2012). On the other hand, a 
destabilization of the colloids could be achieved when inorganic or organic 
chemicals added to the solution to decrease the repulsive energy between the 
particles, where they could be agglomerated to each other in a weak bond and 






        The reactions at the anode and the cathode could be divided into the main 
reactions that cause the destabilization of the pollutants and the side reactions, such 
as the hydrogen formation. Both of the reactions are summarized in section 1.2.3.1: 
1.2.3.1 Mechanism of the process 
        Aluminum and iron electrodes are the most common types which are preferable 
in the EC (Engelhardt, 2010).  
The reactions that takes place in EC have both good and bad effects. The good side 
of the reactions is that the produced flocculated material can be removed from the 
water. The adverse side is the deposition of salts on the electrode surface, which may 
cause deterioration of removal efficiency after long operation. The Fe electrodes 
could dissolve into divalent Fe2+and trivalent Fe3+ forms, whereas there is only one 
form for aluminum dissociation, which is the trivalent form Al3+ (Moussa et al.,  
2016). The anodic equations, which illustrate the dissociation of the iron electrodes 
into cations, iron is oxidized according to Eq. (4), which is further reacted with OH- 
to form Fe(OH)n is shown in Eq. (5), both equations are illustrated as the following: 
 
 Fe(s)                          Fen+ (aq) + ne-1        (4) 
 
 Fen+ (aq) + OH-                            Fe(OH)n (s) , where n = 2 or 3 (5) 
 
The divalent form of the iron goes through further oxidation to form Fe(OH)3, as 
shown in Eq. (6) (Moussa et al., 2016): 
 








At the same time at the anode, chlorine gas is produced, and that is the main process 
for the removal of chloride. The reaction can be represented by the following Eq (7): 
 
 2Cl-                       Cl2 + 2e
- (7) 
At alkaline pH and sufficient anodic potential, evolution of oxygen at the anode 
might also take a place as the following equation (Moussa et al., 2016):  
 2H2O                            O2+ 4H
++ 4e-                                                                                   (8) 
The cathode electrode dissolution during the EC, results in the formation of ammonia 
gas as shown in Eq. (9), and that is the main process for the removal of ammonium 
ion which is the same equation found by Frank Jirsa for the electrolysis of aqueous 
solutions of ammonium iodide (1950), and also hydrogen gas produced (Picard et al., 
2000) at Fe cathode as the following:  
           2𝑁𝐻4
+ + 2e-                          2NH3 + H2 (9) 
2H+(aq) +2e-                          H2(g)                  
 (10) 
Other electrochemical reactions that could take place in EC are the formation of 
hydroxides at the cathode as shown in Eqs (11-12): 
 2H2O+2e
-                           H2(g) +2OH
-(aq)  (11) 
 O2+ 2H2O + 4e
-                         4(OH)- (12) 
Evolve of hydrogen from the anode and cathode, and hydrogen oxides from the 
cathode explain the slight decrease of the pH, which indicates that the amount of the 







Using the Faraday’s law, the amount of metal cations which dissolve at the anode 
during the reactions can be calculated using Eq (13):                   




Where, m is the quantity of the metal dissolved (g), t is the operation time (s), Mw is 
the substance molecular weight (g/mol), z is the number of electrons which involved 
in the reaction (2 for Fe2+ and 3 for Fe3+), F is Faraday’s constant (96485 C/mol) and 
I is the current. However, at basic pH the dissolution of the iron anodes has shown a 
lower amount than that calculated using the Faraday’s law, due to the other 
electrochemical reactions such as the combination between the ions and the 
carbonate that may take place. 
The highest concentrations of the products are found at the surface of the electrode 
and decreases from the surface towards the bulk solution. As a result of that, the pH 
increases at the vicinity of the cathode surface and the vice versa on the anodes 
where it decreases. When the solubility changes as a function of the pH, a 
precipitation of inorganic salts on the electrode surface occurred (Hasson et al., 
2008).  
1.2.3.2 Treatment parameters 
        The efficiency of the EC for removal of contamination from wastewater is 
affected by various parameters. These parameters include (Vepsalainen and Valtion, 
2012) : 
1. The current density: The concentration of the coagulant which is produced by 
electrolysis on the anodes, is directly proportional to the current density 
applied. 






3. Temperature: The formation of the floc, the conductivity and the reaction 
rates are affected by the temperature. 
4. Concentration of the anions: The competing anions can replace the hydroxide 
anions and can then, effect on the efficiency of the coagulant processes. It 
was found that the lower the concentration of the anions, the better the 
removal. 
5. Material of the electrodes: such as iron or aluminum, and in sometimes an 
inert material could be used as the cathode electrode. Most results indicate 
that iron dissolves as Fe(II) and is oxidized in bulk solution to Fe(III) if there 
are oxidants, such as oxygen, present in sufficient concentration and pH is 
alkaline. (Chen, 2004). 
6.  pH of the solution: Affects the speciation of metal hydroxides in the solution. 
It was found that the removal efficiency increases when the initial pH of the 
wastewater increases (Shafaei et al., 2011). 
7. Treatment time: The amount of the coagulants produced in the EC process 
are proportional to the time. 
1.2.3.3 Properties of the sludge 
        Sludge which is produced from the EC is a major challenge, which needs to be 
treated and to be disposed. It is one of the major cost factors in water and waste 
water treatments (Gomes et al., 2007). A crystalline phase is produced from the Fe-
Fe electrodes such as magnetite, and poorly crystalline phases, such as iron 
oxyhydroxides and lepidocrocite. The sludge which is produced by the iron 







1.2.3.4 Applications of electrocoagulation 
        EC can be used to treat the wastewater from mining, pulp and paper industries, 
and metal-processing industries. In addition, it has been applied to treat water 
containing  oil wastes, dyes, foodstuff wastes, suspended particles, chemical 
polishing waste, organic matter, synthetic detergent effluents and heavy metal-
containing solution (Mollah et al., 2001). 
         Numerous articles were published on EC application on the removal of 
pollutants from real or synthetic solutions. These studies can be divided into different 
categories as follows: 
1. Removal of metal ions and/or hydroxides from synthetic solutions, 
Wastewaters or ground waters are shown in Table 1.1. 
Table 1.1: Recent studies in which EC has been used to remove metal pollutants 
from water (Vepsalainen and Valtion, 2012) 























































































































































2. Removals of organic material from wastewaters or synthetic solutions are 
shown in Table 1.2: 
Table 1.2: Recent studies in which EC has been used to remove organic pollutants 
from wastewaters (Vepsalainen and Valtion, 2012) 
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3. Purification of surface waters from natural organic matter, inorganic 
pollutant or microbes are shown in Table 1.3 (Vepsalainen and Valtion, 
2012). 
Table 1.3: Recent studies in which EC has been used to remove pollutants from 
surface waters or groundwater and nutrients from wastewaters 























































2009, Hu et 
al., 2003, 


























































































































































Landfill leachate treatment: 
Leachate is usually generated from precipitation, surface run-off, and 
infiltration or intrusion of groundwater percolating through a landfill (Wu et al., 
2004). This leachate is not easy to be treated in a way which satisfies the discharge 
standards due to composition variations and high proportion of refractory materials 
(Labanowski et al., 2010). 
The efficiency of electrocoagulation in removing ammonia nitrogen (NH3-N) 
from leachate has been investigated. The factors affecting the efficiency of removing 
NH3-N of the leachate, such as current density, electrolysis time, and Cl
- 
concentration were considered. The operating conditions with current density of 4.96 
mA/cm2 , Cl- concentration of 2319 mg/L, operating time of 90 min with Fe 
electrode gave the highest NH3-N removal efficiencies of 38.6% (Li et al., 2011). 
Leachate treatment by electrocoagulation using aluminum electrodes in a batch 
process; with an initial chloride concentration of 3100 mg/l, pH 9.6, operating time 
of 30 min and 631 A/m2 was also tested with various modifications (aeration, and 
alkalinity addition). The removal of ammonia reached up to 24% (Ilhan et al., 2008).  
 
Removing nutrients from waste water using energy efficient electrocoagulation 
with an air-breathing cathode 
Energy efficient electrocoagulation with an air-breathing cathode are used to 
remove the nutrients as well as suspended solids and organic carbon from 
wastewaters using the activated carbon air cathode and a sacrificial aluminum anode, 
as shown in Figure 1.6. An experiment was done at a current density of 8 A/m2 and 
1.5 cm electrode. A synthetic solution consists of (nitrogen: phosphorus ratio of 1:10 






initial nutrient concentrations resulted in lower removal, where the ammonia 
removals decreased from 93% to 75% when the initial concentration increased from 
50 to 500 mg-N/l. Increasing the nutrient concentration caused an increase in the 
conductivity, and floc was then more readily formed and accumulated at the bottom 
of the reactor, causing a large local current between the anode and the cathode. As a 
result more anode mass was consumed to generate precipitates depositing on air 
cathode, hindering oxygen transfer (Tian et al., 2016).   
 
Figure 1.6: (A) Schematic diagram and (B) photo of the electrocoagulation reactor 
with an air cathode (Tian et al., 2016) 
Norcure Concrete Chloride Removal System 
The Norcure chloride extraction treatment is a system for electrochemical 
extraction of corrosive chloride from concrete (Kumar and Singh, 2015). This is the 
most important techniques to reduce the corrosion problem in the concrete, due to the 
entry of chlorides which penetrates into the concrete structures due to its porous 
nature of concrete. Eventually reaching the reinforced steel or rebar. Using EC to 
remove the chloride, concrete would be saved without any needs to the 






This process, shown in Figure 1.7. consists of conductive mesh temporarily mounted 
on the concrete surface as anode, existing steel reinforcement as cathode and Norcure 
electrolyte, which is an aqueous pH controlled solution as electrolyte. The current 






Figure 1.7: Norcure Concrete Chloride Removal System (Chamber, 2004) 
 
EC is used to treat the distillery wastewater using aluminum electrodes. It was 
found that the optimum pH range from 3.5 to 5 and the maximum percentage of 
removal of chloride is 37.28% after 90 minutes at 30 volts. Increasing the volts in the 
electrolytes was found to increase the percentage  removal of chloride (Sasane and 
Korke, 2015). Another study was done for chloride removal using electrocoagulation 
and it was found that increasing the temperature of the electrolyte solution resulted in 
increasing the electrochemical chloride removal efficiency (Ueda et al., 2012). 
1.2.4 Conclusion Remarks 
As mentioned earlier, the Solvay process reduces the salinity of reject brine by 
precipitating Na+ ions as NaHCO3. However, the Cl
- ions are kept intact. In addition, 
the NH3 needed in the process is dissolved as 𝑁𝐻4
+. The objective of the work is 
therefore to reduce the concentration of the Cl- and regenerate the NH3 from the 
effluent of the Solvay process by EC, 𝑁𝐻4






has a high solubility in water, so it needs to be regenerated as NH3. EC was selected 
because it has shown promising results for the removal of dissolved ions. The project 
looks into optimizing the removal of the ammonium and chloride ions. Effects of 
temperature, initial concentration and current density on the removal efficiency were 
tested. Although EC was used separately for the treatment of chloride and 
ammonium ions as mentioned in the application of the EC, but EC has never been 







Chapter 2: Material and Methodology 
2.1 Experimental Apparatus 
        The electrocoagulation experiments were conducted using Plexiglass jacketed 
reactor with an internal diameter of 14.5 cm, and a physical height of 14.5 cm. 
Volume of the treated Solvay solution in each experiment was 500 ml. The reactor 
was left uncovered to allow the generated gasses to escape. The electrodes were 
connected to an aluminum strip hanging on the edges of the reactor. Two rectangular 
iron electrodes were used with dimensions of 13.5 cm x 6 cm.  The contacted area of 
electrodes immersed in the solution was 15 cm2. The electrodes were placed 8.5 cm 
apart and were connected to a DC power supply (PE-23005, 2X0-30V/ 5A - 5V/ 3A). 
Between the electrodes, a mechanical stirrer (RW10R, JANKE and KUKEL, IKA-
WERK, Germany) was immersed and used to agitate the solution. The reactor was 
specially designed and built for this study and was operated in a batch mode. The 
temperature inside the reactor was controlled by water circulated through the 
surrounding jacket from a temperature controlled water bath (Model:  Julabo F34, 
Germany). The water entered the jacket from the bottom and exited from the top.  A 


















2.2 Brine Samples and other Reactants 
        Ammonium hydroxide aqueous solution (25 wt. % NH3) and ammonium 
bicarbonate (purity 99.9%) were obtained from Scientific Progress Medical and 
Scientific Equipment, UAE. A gas mixture of (10% CO2 and 90% Air) was 
purchased from Abu Dhabi Oxygen Company, UAE. Nitrogen-Ammonia Reagent 
Set, Nessler, was purchased from Concorde Trading Co. L.L.C. UAE. Reject brine 
samples with salinity ranging between 65,000 and 75,000 ppm were obtained from a 
local desalination plant utilizing RO desalination process. The average values of the 
samples were analyzed to determine pH, Na+, Mg2+, Ca2+ and K+, Cl- and  
𝑁𝐻4
+ concentration, which are presented in Table 2.1.  






2.3 Experimental Methods 
2.3.1 Solvay Preparation 
        The Solvay solution was prepared at the optimum conditions as described by 
(Mohammad, 2015b), using 1 liter of the reject brine mixed for five minutes with 
ammonium hydroxide in a molar ratio of 3NH3:1NaCl. The mixture was then fed to a 
stainless steel jacketed, bubble column reactor, which was operated in a semi-batch 










































mode (batch for liquid phase and continues for gas phase) at a controlled-temperature 
of 20 °C. A gas mixture containing 10 vol. % CO2 in air was bubbled through the 
reactor at a flow rate of 1 L/min for 6 hours. The composition of the solution at the 
end of the process is shown in Table 2.1. As shown in the table, although the Solvay 
process reduced the concentration of Na+, Mg2+, K+ and Ca2+, the concentration of 
Cl- and 𝑁𝐻4
+ has significantly increased. This effluent is then treated by EC to 
remove these ions. 
2.3.2 Variation of Different Parameters 
        Different initial concentration of chloride (7400 mg/l, 12500 mg/l, 20000 mg/l, 
27500 mg/l, 32600 mg/l) were prepared by diluting the effluent Solvay solution 
which is 32600mg/l. 500 ml of the Solvay effluent was placed in the batch reactor. 
Water was circulated through the jacket from water bath set at different temperatures 
of (3.2°C, 10°C, 20°C, 30°C and 36.8°C). 36.8°C is the maximum temperature that 
could be handled by the batch reactor used in the experiment, and beyond this 
temperature a leakage in the reactor happened. Temperature was measured inside the 
reactor, and was monitored throughout the experiment and it was found that the 
temperature from the beginning until the end changes maximum ± 5.  After the 
desired temperature was reached different current densities of (0.033 A/cm2, 0.067 
A/cm2, 0.1167 A/cm2, 0.167 A/cm2 and 0.2 A/cm2) were applied. 0.2 A/cm2 is the 
maximum current density that could be applied based on the concentrations that were 
used in the experiments. Samples were collected every 60 minutes and analyzed for 
N-NH4 concentration using Ultraviolet–visible spectrometry (UV) and Cl
- 






was continuously monitored throughout the experiment and the pH from the 
beginning until the end changes maximum ± 1.  
2.3.3 Experimental Design 
In order to design the experiment, mathematical and statistical techniques are 
collected to decide the optimum settings for the variables in a definite region of 
interest which called response surface methodology (RSM) (Khuri, 2003). The 
important side of the RSM is the design of experiments (DoE) (Ramachandran and 
Tsokos, 2015). For the physical and numerical experiments these methods were 
developed.  Selection of the experimental points where the response should be 
evaluated is the main purpose of the DoE. After doing the experiments, the 
mathematical model  which are generally polynomials with an unknown structure 
that represent the process is constructed and from that an optimal design can be 
found (Khuri, 2003). Before deciding the main factors, screening experiments are 
performed to determine the factors that have significant effect of the response. There 
are different methodologies for RSM such as: a full factorial design which examine 
all the possible combinations of the variables (Anderson-Cook et al., 2009) and 
Central Composite Design (CCD) which has a less number of experiments as 
compared to a full factorial design (Song et al.,2014). 
        Central Composite Design (CCD) was used to design the experiment. 
Preliminary study was done to determine the time needed to achieve the maximum 
removal of ions using the EC process. It was found that most of the drop in ions 
concentrations took place within the first six hours, and therefore, the duration of the 






of the removal of ions, were selected to be the temperature, the current density and 
the initial concentration of the ions. The experimental conditions for central 
composite design (CCD) runs are presented in Table 2.2.  
Table 2.2: Range and level of independent variables for central composite design 
runs 
    Levels 




2 0.033 0.067 0.1167 0.167 0.2 




IC X3 mg/l 7400 12500 20000 27500 32600 
 
2.3.4 Measurement of Different Ions 
2.3.4.1 Measurement of Chloride Using IC 
Ion Chromatography System with Degas and Chromeleon Software was used 
to determine the chloride ion concentration.  The characteristic of the IC was having 
the eluent concentration of 4.5 mM Na2CO3 and 0.8 mM Na2HCO3, with pump 
flowrate = 0.25 ml/min, suppressor: type = AERS_2 mm, current = 7 mA and 
column oven temperature = 30°C, it has a column and a column guard with the 
following specification (Dionex Ion Pac AS 23, 2X250 mm), (Dionex Ion Pac AG 







2.3.4.2 Determination of Ammonium Concentration 
The ammonium concentration was determined spectroscopically by adding 3 
drops of the Mineral Stabilizer, 3 drops of Polyvinyl Alcohol Dispersing Agent and 
1.0 mL of Nessler Reagent set, added in sequential manner to 25 ml sample in a 
mixing cylinder. Thorough mixing was applied to the sample between each addition. 
A blank solution was prepared in the same procedure, but using 25 ml of deionized 
water instead of the sample. The mixtures were allowed to react for 1 min before 
measurement. The instrument was zeroed using the blank, then the ammonium 








Chapter 3: Results and Discussion 
3.1 Effect of the Applied Current 
The kinetic removal of 𝑁𝐻4
+ and Cl- on the percentage removal of  NH4
+ and Cl- 
ions was tested at initial concentration of 15593.75 mg/l and 27500 mg/l of 𝑁𝐻4
+ and 
Cl-, respectively, and at 30°C. The experiment was done shown in Figures 3.1 and 
3.2. 
 





































Figure 3.2: Effect of adding current for 10 hours on the percentage of removal of Cl- 
 
Adding current in the EC cell on the percentage removal of  NH4
+ and Cl- ions 
was tested at initial concentration of 14250 mg/l and 20000 mg/l of 𝑁𝐻4
+ and Cl-, 
respectively, and at 20°C and 30°C, which represent the middle and high values of 
the temperature effect (i.e., x1= 0 and 1). The experiment was done, and the data was 
found in appendix (A). This was used to determine the percentage removal shown in 































Figure 3.3: Effect of adding current on the percentage of removal of NH4
+ after 6 
hours at different temperatures and an initial NH4
+ concentrations of 14250 mg/l. * 
Comparison between the percentage removals without current at 20 and 30°C (p-







      
 
Figure 3.4: Effect of adding current on the percentage of removal of Cl− after 6 hours 
at different temperatures and an initial Cl− concentrations of 20000 mg/l. * 
Comparison between the percentage removals without current at 20 and 30°C (p-































































As shown in Figures 3.3 and 3.4, when no current was applied very small 
removals of ammonium and chloride were recorded which was due to evaporation or 
any other reason, which were 12.5% and 3.55% at 20°C, and about 12.7% and 4.8% 
at 30°C for ammonium and chloride, respectively. It is clearly seen that increasing 
the temperature from 20°C to 30°C did not show a significant effect in the 
percentage removal of both ions, with p-values of 0.637 and 0.359 for ammonium 
and chloride ions, respectively. Applying a current of 0.1167 A/cm2 caused a 
significant increase in the ammonium removal from 12.5% to 45.9% at 20°C, and 
from 12.7% to 71.55% at 30°C. As for chloride removal, applying a current density 
of 0.1167 A/cm2 caused an increase in the chloride removal from 3.55% to 25.87% at 
20°C, and from 4.8% to 26.88% at 30°C. These results prove that the removal of ions 
was solely due to the effect of the electrocoagulation, and any other effect, such as 
evaporation was minimal even at the higher temperatures in the tested range.  
The effect of current density, in the range of 0 to 0.2 A/cm2, on the percentage 
removal of 𝑁𝐻4
+ and Cl- ions was tested at 20°C and initial concentrations of 14250 
mg/l and 20000 mg/l of 𝑁𝐻4
+ and Cl-, respectively. The experiment was done, and 
the data was found in appendix (A). This was used to determine the percentage 







Figure 3.5: Effect of current density on the percentage removal of 𝑁𝐻4
+and Cl- ions 
after 6 hours at 20°C and initial concentrations of 14250 mg/l and 20000 mg/l 
of 𝑁𝐻4
+ and Cl-, respectively. * Comparison between the percentage removals at 0 
and 0.033 A/cm2 (p-value = 0.00024 and 0.00037 for 𝑁𝐻4
+ and Cl- respectively). 
**Comparison between the percentage removals at 0.033 and 0.1167 A/cm2 (p-value 
= 0.336 and 0.0255 for 𝑁𝐻4
+ and Cl- respectively). *** Comparison between the 
percentage removals at 0.1167 and 0.2 A/cm2 (p-value = 0.008 and 0.0805 for 𝑁𝐻4
+ 
and Cl- respectively) 
 
        As shown in Figures 3.5, when no current was applied a very small removal 
percentage of 12.5% and 3.55% for ammonium and chloride, respectively. Increasing 
the current density from 0 to 0.033 A/cm2 show a significant effect on the removal of 
both ions 𝑁𝐻4
+ and Cl-, where the removal percentage were 45.33% (p-value =  
0.00024) and 22.8% (p-value =  0.00037), respectively. This suggests that the 
removal was mainly due to electrocoagulation. And the removal due to evaporation 
is minimal in comparison to the removal due to electrocoagulation. The increase in 
current density by 0.083 A/cm2 to 0.1167 A/cm2 did not show a significant effect on 
the removal of 𝑁𝐻4
+, where the removal increased only to 45.96% (p-value = 0.336). 









































































0.0255). The increase in the current density by 0.083 A/cm2 to 0.2 A/cm2 resulted in 
a significant effect on 𝑁𝐻4
+ removal of 66.66% (p-values = 0.008), but was in 
significant for Cl- with a removal of 28.37% (p-value = 0.0805).  
The effect of current density in the range of 0 to 0.2 A/cm2, on the rate of removal 
of 𝑁𝐻4
+ and Cl- ions was also tested at 20°C and at initial concentration of 14250 
mg/l and 20000 mg/l of 𝑁𝐻4
+ and Cl-, respectively, The experiment was done, and 
the data was found in appendix (A). This was used to determine the percentage 








Figure 3.6: Effect of current density on the rate of removal of 𝑁𝐻4
+and Cl- ions at 
20°C and initial concentrations of 14250 mg/l and 20000 mg/l of 𝑁𝐻4
+ and Cl-, 
respectively. * Comparison between the percentage removals at 0 and 0.033 A/cm2 
(p-value = 0.0049 and 0.02 for 𝑁𝐻4
+ and Cl- respectively). **Comparison between 
the rate of removals at 0.033 and 0.1167 A/cm2 (p-value = 0.259 and 0.735 for 𝑁𝐻4
+ 
and Cl- respectively). *** Comparison between the rate of removals at 0.1167 and 
0.2 A/cm2 (p-value = 0.056 and 0.464 for 𝑁𝐻4
+ and Cl- respectively) 
 
The results in Figure 3.6 show that the rate of removal of both ions, 𝑁𝐻4
+ and Cl-, 
increased with the increase in current density. When no current was applied, a very 
small removal rates of 𝑁𝐻4
+ and Cl- was recorded, which were 2.08 hr-1 and 0.59 hr-1, 






significant effect on the rate of removal of both ions 𝑁𝐻4
+ and Cl-, with rate of 
removal of 12.1 hr-1 (p-value =  0.0049) and 4.66 hr-1 (p-value 0.02) respectively. 
The increase in current density by 0.083 A/cm2 to 0.1167 A/cm2 did not show a 
significant effect on the rate of removal of 𝑁𝐻4
+ and Cl-, with rate of removals 
increasing to 13.7 hr-1 (p-value = 0.259) and 4.97 hr-1 (p-value =  0.735), 
respectively. The increase in by another 0.083 A/cm2 to 0.2 A/cm2 also resulted in a 
minimal effect on 𝑁𝐻4
+ and Cl- rate of removal, with the rate of removal increased to 
18.5 hr-1 (p-value = 0.056) and 5.88 hr-1 (p-value = 0.464),  respectively.  
 
For the effect of the current density, it was found that as the value of current density 
increased, the residual ions concentration and the rate decreased. This is mainly due 
to the increase in the charge loading with increase in the current density. In addition, 
a better separation can be obtained by electro flotation by smaller bubbles generated 
during electrocoagulation (Sasane & Korke, 2015).  Increases in current density, 
causes an increase in the amount of hydrogen bubbles which evolved at the cathode 
and as a result of that greater upwards flux and a faster removal of the pollutant and 
sludge flotation takes place. The results in this work agree those found for the 
removal of hexavalent chromium from wastewater by electrocoagulation (El-Taweel 
 et al., 2015). However, the initial concentrations tested were in the range of 40-200 
mg/l, which were much lower than the ones tested in this work. In addition, the 
current density tested was in the range from 0.0005 to 0.002 A/cm2, which was also 
lower than the range used in this work (El-Taweel et al., 2015). The result agrees 
with previous experimental work done using electrocoagulation in a waste water 
contains a synthetic ammonia and different sodium chloride concentration and in the 






hypochlorite acid was produced in a less amount which was not enough to oxidize 
most of the ammonia (Can et al., 2014). 
3.2 Effect of the Initial Concentration 
The effect of initial concentration on the percentage removal of NH4
+ and Cl-, at 
20°C and at current density of 0.1167 A/cm2 was assessed by changing the 
percentage dilution of solutions with the maximum concentrations of  NH4
+  and Cl-.
 
Figure 3.7: Effect of initial concentration of  NH4
+  and Cl- on the percentage removal 
of the ions at 20°C and 0.1167 A/cm2.*Comparison between percentage dilutions of 
77.3% and 38.65% (p-value = 0.119 and 0.036 for  NH4
+  and Cl- respectively). ** 
Comparison between percentage dilutions of 38.65% and 0% (p-value = 0.826 and 
0.787 for  NH4
+  and Cl- respectively) 
 
The results in Figure 3.7 show that the percentage removal of both ions, 
𝑁𝐻4
+ and Cl- decreased with the decreases in the percentage dilution of the maximum 
concentration of  NH4
+  and Cl-. The decreases from 77.3% to 38.65% causes a 
decrease in the percentage of removal from 56.9% to 45.9% with (p-value = 0.119) 
and from 30.2% to 25.8% with (p-value = 0.036) for 𝑁𝐻4
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Further decrease in the percentage of dilution from 38.65% to 0% of 𝑁𝐻4
+ and Cl- 
shows a decrease in the percentage of removal from 45.9% to 45.2% with (p-value = 
0.826) and from 25.8% to 25.5% with (p-value = 0.787) for 𝑁𝐻4
+ and Cl-, 
respectively.  
The effect of initial concentration on the percentage rate of removal of NH4
+ 
and Cl-, at 20°C and at current density of 0.1167 A/cm2 was assessed by changing the 
percentage dilution of solutions with the maximum concentrations of  NH4
+  and Cl-. 
 
Figure 3.8: Effect of initial concentration of  NH4
+  and Cl- on the rate of removal 
of the ions at 20°C and 0.1167 A/cm2. *Comparison between percentage dilutions of 
77.3% and 38.65% (p-value = 0.108 and 0.191 for  𝑁𝐻4
+  and Cl- respectively). ** 
Comparison between percentage dilutions of 38.65% and 0% of the maximum 
concentration of  𝑁𝐻4
+  and Cl- (p-value = 0.225 and 0.328 for  𝑁𝐻4
+  and Cl- 
respectively) 
 
The results in Figure 3.8 show that the rate of removal of both ions, 𝑁𝐻4
+ and 
Cl- decreased with the decreases in the percentage dilution of the maximum 
concentration of  NH4
+  and Cl-. The decreases from 77.3% to 38.65% causes a 
decrease in the rate of removal from 22.2 hr-1 to 14.4 hr-1 with (p-value = 0.108) and 
from 6.5 hr-1 to 4.9 hr-1 with (p-value = 0.191) for 𝑁𝐻4
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decrease in the percentage of dilution from 38.65% to 0% of 𝑁𝐻4
+ and Cl- shows a 
decrease in the rate of removal from 14.4 hr-1 to 13.28 hr-1 with (p-value = 0.225) and 
from 4.9 hr-1 to 4.2 hr-1 with (p-value = 0.328) for 𝑁𝐻4
+ and Cl-, respectively.  
 
For the effect of the initial concentration, it was found that as the value of 
initial concentration increased, both the percentage and rate of removal of NH4
+ and 
Cl- ions decreased and the pH decreases slightly with time. At the same current 
density, the same amount of Fe3+ passed through the solution for all concentration, 
and as a result the amount of Fe3+ released was insufficient at the higher 
concentration (Can et al., 2014). Also, the amount of the formed metal hydroxide 
flocs may not be enough to settle the huge amount of the pollutant molecules at the 
higher initial concentrations (Naje et al., 2016). The result agrees with previous 
experimental work done for the removal of nutrients from waste water, however, the 
tested concentrations and current densities were much lower than those tested in this 
work. The experiments were done at 0.0008 A/cm2 which is also lower than the 
current density in this work where the minimum current density used in this work 
was 0.033 A/cm2. It was also found that increasing the initial nutrient concentrations 
resulted in lower removal where the ammonium, removals was decreased from 93% 
to 75% and the phosphorous removal decreased from 76% to 45% (Tian et al., 2016) 
where in this work increases the initial concentration of ammonium from 4500 to 
17875 mg/l decreases the percentage of removal from 56.9% to 45.27%. Another 
study was done to evaluate the effect of the initial arsenic concentration (10 – 100 
mg/l) on the removal of the arsenic contamination in the drinking water by 
electrocoagulation using iron electrodes at pH 4, current density 0.54 mA/cm2 and 






concentration decreased arsenic removal. Another experiment was done to 
investigate the enhanced removal of methylene blue by electrocoagulation using iron 
electrodes. Different initial concentration ranging from 25-100 mg/l were treated by 
EC, at 8 mA/cm2 and 25°C and it was also found that increasing the initial 
concentration from 25-100 mg/l lead to decrease the percentage of removal of 
Methylene Blue from 99% to 90% (Mahmoud et al., 2013). 
3.3 Effect of the Temperature 
The effect of temperature, in the range of 3.2 to 36.8°C, on the percentage 
removal of 𝑁𝐻4
+ and Cl- ions was tested at initial concentration of 14250 mg/l and 
20000 mg/l of NH4
+, and Cl- respectively, and 0.1167 A/cm2. 
 
Figure 3.9: Effect of temperature on percentage removal of 𝑁𝐻4
+, and Cl- ions after 6 
hours at 0.1167 A/cm2 and initial concentrations of 14250 mg/l and 20000 mg/l 
of 𝑁𝐻4
+, and Cl- ions. * Comparison between different temperatures of 3.2°C and 
20°C (p-value = 0.561 and 0.0409 for 𝑁𝐻4
+ and Cl- respectively). ** Comparison 
between different temperatures of 20°C and 36.8°C (p-Value = 0.00257 and 0.0192 
for 𝑁𝐻4
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The results in Figure 3.9 show that the percentage of removal of both ions, 
𝑁𝐻4
+ and Cl-, increased with the increase in temperature. The increases in 
temperature from 3.2 to 20°C increase the percentage of removal from 42.9% to 
45.9% and from 21.8% to 25.8% with (p-value = 0.38 and 0.04 for 𝑁𝐻4
+ and Cl-, 
respectively. However, increases in the temperature from 20 to 36.8°C resulted in a 
significant increase in the removal on both ions from 45.9% to 72.3% and from 
25.8% to 29.8% with p-value = 0.002 and 0.019 for 𝑁𝐻4
+ and Cl-, respectively. 
 
The effect of temperature, in the range of 3.2 to 36.8°C on the rate of removal 
of 𝑁𝐻4
+ and Cl- ions was tested at initial concentration of 14250 mg/l and 20000 mg/l 
of NH4
+, and Cl- respectively, and 0.1167 A/cm2. 
 
Figure 3.10: Effect of temperature on rate of removal of 𝑁𝐻4
+, and Cl- ions at 0.1167 
A/cm2 and initial concentrations of 14250 mg/l and 20000 mg/l of 𝑁𝐻4
+, and Cl- ions.  
* Comparison between different temperatures of 3.2°C and 20°C (p-value = 0.163 
and 0.131 for 𝑁𝐻4
+ and Cl- respectively). ** Comparison between different 
temperatures of 20°C and 36.8°C (p-Value = 0.00438 and 0.213 for 𝑁𝐻4
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The results in Figure 3.10 show that the rate of removal of both ions, 𝑁𝐻4
+ and 
Cl-, increased with the increase in temperature. The increases in temperature from 3.2 
to 20°C increase the rate of removal from 11.9 hr-1 to 13.7 hr-1 and from 3.5 hr-1 to 
4.9 hr-1 with (p-value = 0.163 and 0.131 for 𝑁𝐻4
+ and Cl-, respectively. However, 
increases in the temperature from 20 to 36.8°C resulted in a significant increase in 
the rate of removal of 𝑁𝐻4
+  where it increases from 13.7 hr-1 to 28.7 hr-1. But, it was 
not significant for the Cl- removal, where it increased from 4.9 hr-1 to 6.2 hr-1 with p-
value = 0.004 and 0.213 for 𝑁𝐻4
+ and Cl-, respectively.  
To evaluate the influence of temperature and initial concentration on the 
significance of the effect of current density on the percentage removal of the ions, the 
experiment was repeated at different temperatures (10 and 30°C) and different initial 
concentrations (10437.5 and 15593.75 mg/L for 𝑁𝐻4
+ and 12500 and 27500 mg/L of 
Cl-).  The results for 𝑁𝐻4
+ and Cl- are shown in Figures 3.11 and 3.12 respectively. 
 
Figure 3.11: Effect of current density and initial concentration on the percentage of 
removal of 𝑁𝐻4
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Figure 3.12: Effect of current density and initial concentration on the percentage of 
removal of Cl- ion after 6 hours at 10°C and 30°C 
 
 As shown in Figures 3.11 and 3.12, the increase in initial concentration 
reduced the overall removal but increased the significance of the current density. On 
the other hand, at the lower initial concentrations, increasing the temperature from 10 
to 30°C increased the percentage of removal and the significance of the current 
density effect of both ions. At 10°C, as the current density increased from 0.067 to 
0.167 A/cm2 the removal increased from 58.5% to 61.5% (p-value = 0.218) and from 
23.9% to 28.5% (p-value = 0. 0.015) for  𝑁𝐻4
+ and Cl-, respectively, and at 30°C the 
removal increases from 69.2% to 80.05% (p-value = 0.0015) and from 24.8% to 
28.7% (p-value = 0.001)  for  𝑁𝐻4
+ and Cl-, respectively. At the higher initial 
concentration, increasing the temperature from 10 to 30°C increased the percentage 
of removal, however it lower the significance of the current density effect of 𝑁𝐻4
+ 
and Cl-, where at 10°C the removal increases from 35.6% to 44.7% (p-value = 0.025) 
and from 10.9% to 22.1% (p-value = 0.093) for  𝑁𝐻4
+ and Cl- respectively, and at 






to 22.4% (p-value = 0.094) for  𝑁𝐻4
+ and Cl- respectively. But for the initial 
concentration effect, the results shown in Figures 3.11 and 3.12 also show decrease 
in the removal with increase in initial concentration. In general, the increases in 
temperature increased the significance of the initial concentration. At the lower 
temperature, increasing the initial concentration from 10437.5 to 15593.75 mg/l, 
results in a decrease in the percentage of removal of  𝑁𝐻4
+ from 58.5% to 35.65% 
with (p-value = 0.006) and from 61.5% to 44.7% with (p-value = 0.0051), at the 
current density of 0.067 A/cm2 and 0.167 A/cm2, respectively. Likewise, for the 
chloride, increasing the initial concentration from 12500 to 27500 mg/l, results in a 
decrease in the percentage of removal of Cl- from 23.9% to 10.9% with (p-value = 
0.073) and from 28.5% to 22.1% with (p-value = 0.0036). At the higher temperature, 
increasing the initial concentration from 10437.5 to 15593.75 mg/l, results in a 
decrease in the percentage of removal of  𝑁𝐻4
+ from 69.25% to 65.04% with (p-value 
= 0.006) and from 80.3% to 66.6% with (p-value = 0.0016), at the current density of 
0.067 A/cm2 and 0.167 A/cm2, respectively. For the chloride, increasing the initial 
concentration from 12500 to 27500 mg/l, results in a decrease in the percentage of 
removal of Cl- from 24.8% to 15.4% with (p-value = 0.05) and from 28.7% to 22.4% 
with (p-value = 0.007). On the other hand, for the effect of the temperature, the 
results shown in Figures 3.11 and 3.12 also show an increase in the removal with the 
increase in temperature. At the lower current density, and initial concentration of 
10437.5 mg/l  and 12500 mg/l of  𝑁𝐻4
+ and Cl-, respectively, increasing the 
temperature from 10 to 30°C lead to increase in the percentage of removal from 
58.5% to 69.2% and from 23.9% to 24.8% with p-value = 0.25 and 0.26 of  𝑁𝐻4
+ and 
Cl-, respectively. Increasing the initial concentration to 15593.75 mg/l and 27500 
mg/l of  𝑁𝐻4






from 35.6% to 65.4% (p-value = 0.001) and from 10.9% to 15.44% (p-value = 0.41) 
of  𝑁𝐻4
+ and Cl-, respectively. At initial concentration of 10437.5 mg/l  and 12500 
mg/l of  𝑁𝐻4
+ and Cl-, respectively, increasing the temperature from 10 to 30°C lead 
to increase in the percentage of removal from 61.5% to 80% and from 28.5% to 
28.7% with p-value = 0.0002 and 0.104 of  𝑁𝐻4
+ and Cl-, respectively. Increasing the 
initial concentration as well as the higher current density, lead to decrease the 
significance of the removal of   𝑁𝐻4
+ and Cl-, where at the higher current density, and 
at initial concentration of 15593.75 mg/l and 27500 mg/l of  𝑁𝐻4
+ and Cl-, 
respectively, causes an increase in the percentage of removal from 22.1% to 22.4% 
with p-value = 0.003 and 0.66 of  𝑁𝐻4
+ and Cl-, respectively. 
The performance of the current density might be affected by the temperature 
and the initial concentration of the solution. To evaluate the effect of temperature and 
initial concentration on the significance of the effect of current density on the rate of 
removal of the ions, the experiment was repeated at different temperatures (10 and 
30°C) and different initial concentrations (10437.5 and 15593.75 mg/L for 𝑁𝐻4
+) and 
(12500 and 27500 mg/L of Cl-). Also, the performance of the initial concentration 
might be affected by the temperature and the current density. To evaluate the effect 
of temperature and current density on the significance of the effect of initial 
concentration on the rate of removal of the ions, the experiment was repeated at 
different current densities (0.067 and 0.167 A/cm2) and different temperatures (10 
and 30°C). In addition to that, the performance of the temperature might be affected 
by the initial concentration of the solution and the current density. To evaluate the 
effect initial concentration and current density on the significance of the effect of 






different current densities (0.067 and 0.167 A/cm2) and different initial concentration 
(10437.5 and 15593.75 mg/l of 𝑁𝐻4
+) and (12500 and 27500 mg/l of Cl-). The results 
for 𝑁𝐻4
+ and Cl- are shown in Figures 3.13 and 3.14 respectively. 
 
 
Figure 3.13: Effect of current density and initial concentration on the rate of removal 
of 𝑁𝐻4
+ ion at 10°C and 30°C 
 
 
Figure 3.14: Effect of current density and initial concentration on the rate of removal 









































































 For the current density, the results shown in Figures 3.13 and 3.14 also 
display an increase in the rate of removal with the increase in current density. At the 
lower initial concentration, increasing the temperature from 10 to 30°C increased the 
percentage rate of removal and the significance of the current density effect of 𝑁𝐻4
+ 
and Cl-, where at 10°C the percentage rate of removal increases from 12.5 hr-1 to 16 
hr-1 (p-value = 0.087) and from 4.2 hr-1 to 6 hr-1 (p-value = 0.13) for  𝑁𝐻4
+ and Cl- 
respectively, and at 30°C the percentage rate of removal increases from 13.8 hr-1 to 
26.2 hr-1 (p-value = 0.003) and from 5.3 hr-1 to 8 hr-1 (p-value = 0.055) for  𝑁𝐻4
+ and 
Cl- respectively. However, at the higher initial concentration, increasing the 
temperature from 10 to 30°C increased the percentage rate of removal where at 10°C 
the percentage rate of removal increases from 4.4 hr-1 to 11.1 hr-1 (p-value = 0.051) 
and from 3.7 hr-1 to 4.6 hr-1 (p-value = 0. 39) for  𝑁𝐻4
+ and Cl- respectively, and at 
30°C the percentage rate of removal increases from 10.9 hr-1 to 11.22 hr-1 (p-value = 
0.503) and from 4 hr-1 to 6.4 hr-1 (p-value = 0.04) for  𝑁𝐻4
+ and Cl- respectively. For 
the initial concentration, the results shown in Figures 3.13 and 3.14 also show 
decrease in the removal with increase in initial concentration. In general, the 
increases in temperature increased the significance of the initial concentration. At the 
lower temperature, increasing the initial concentration from 10437.5 to 15593.75 
mg/l, results in a decrease in the percentage of removal of  𝑁𝐻4
+ from 12.5 hr-1 to 4.4 
hr-1 with (p-value = 0.03) and from 16 hr-1 to 11.1 hr-1 with (p-value = 0.067), at the 
current density of 0.067 A/cm2 and 0.167 A/cm2, respectively. Likewise, for the 
chloride, increasing the initial concentration from 12500 to 27500 mg/l, results in a 
decrease in the percentage of removal of Cl- from 4.2 hr-1 to 3.7 hr-1 with (p-value = 
0.632) and from 6 hr-1 to 4.6 hr-1 with (p-value = 0.17) at the current density of 0.067 






concentration from 10437.5 to 15593.75 mg/l, results in a decrease in the percentage 
rate of removal of  𝑁𝐻4
+ from 13.8 hr-1 to 10.9 hr-1 with (p-value = 0.05) and from 
26.2 hr-1 to 11.2 hr-1 with (p-value = 0.00088), at the current density of 0.067 A/cm2 
and 0.167 A/cm2, respectively. For the chloride, increasing the initial concentration 
from 12500 to 27500 mg/l, results in a decrease in the percentage rate of removal of 
Cl- from 5.39 hr-1 to 4 hr-1 (p-value = 0.04) and from 8.08 hr-1 to 6.4 hr-1 (p-value = 
0.171). And finally, for the temperature, the results shown in Figures 3.13 and 3.14 
also show an increase in the rate of removal with the increase in temperature. At the 
lower current density, and initial concentration of 10437.5 mg/l  and 12500 mg/l of 
 𝑁𝐻4
+ and Cl-, respectively, increasing the temperature from 10 to 30°C lead to 
increase in the rate of removal from 12.5 hr-1 to 13.8 hr-1 (p-value = 0.265) and from 
4.2 hr-1 to 5.3 hr-1 (p-value = 0.256). Increasing the initial concentration to 15593.75 
mg/l  and 27500 mg/l of  𝑁𝐻4
+ and Cl-, respectively causes an increase in the rate of 
removal from 4.49 hr-1 to 10.9 hr-1 (p-value = 0.03) and from 3.7 hr-1 to 4.06 hr-1 (p-
value = 0.673), respectively. At initial concentration of 10437.5 mg/l  and 12500 
mg/l of  𝑁𝐻4
+ and Cl-, respectively, increasing the temperature from 10 to 30°C lead 
to increase in the rate of removal from 16 hr-1 to 26.2 hr-1 (p-value = 0.0099) and 
from 6 hr-1 to 8 hr-1 (p-value = 0.088), respectively. Increasing the initial 
concentration as well as the higher current density, lead to decrease the significance 
of the rate of removal of   𝑁𝐻4
+ and Cl-, where at the higher current density, and at 
initial concentration of 15593.75 mg/l and 27500 mg/l of  𝑁𝐻4
+ and Cl-, respectively, 
causes an increase in the rate of removal from 11.18 hr-1 to 11.2 hr-1 (p-value = 0.97) 






For the effect of the temperature, it was found that as the temperature value 
increased, the percentage and the rate of removal of NH4
+ and Cl- ions increased. 
This is due to the rate of diffusion of the ions which could increase with increasing 
the temperature of the solution (Wang et al., 2012). Also, the increase in the removal 
is obtained because when the temperature increases the mass transfer increases and 
the kinetic particles collision improved. Another reason for the removal of the ions is 
that the high temperature causes a formation of the hydrogen particles bubbles which 
enhances the flotation speed and causes a reduction in the suspended particles (Naje 
et al., 2016). The results agree with experimental work done using electrocoagulation 
for the waste water which contains a synthetic ammonia and different sodium 
chloride concentration, at current density ranges from (0.005 A/cm2 to 0.05 A/cm2) 
and temperature was increased from 25.0°C to 40.3°C. As a result of increasing the 
temperature, the ammonia oxidation rate increased (Wang et al., 2012). Studies were 
done to investigate the effect of the temperature on the removal of indium ion using 
electrocoagulation. The effect of temperature on the indium ion removal efficiency 
was studied at 14.85, 24.85, 34.85, and 44.85°C which is in the same range of the 
temperature which were studied in our cases (9.85 - 29.85°C). As the time of 
electrolysis increased, comparable increases in the indium ion removal efficiency 
were observed for the different temperatures. After 50 min of electrolysis, it seen that 
the indium ion removal efficiency reached 80.9%, 90.4%, 92.7%, and 94.1% for 
temperatures of 14.85, 24.85, 308, and 44.85°C, respectively (Chou and Huang, 
2009). Another study showed an increase in the boron removal by EC, when the 
temperature increases from 19.85–59.85°C, the percentage removal of the boron ions 
increases from 84% to 96%. Further study was done to investigate the effect of the 






electrode where the percentage of the removal increases from 88% to 95% when the 
temperatures increases from 25 to 45 °C (Naje et al., 2016). 
3.4 Statistical Analysis  
Minitab 17.0 software was used for regression analysis of the experimental 
data and to find the coefficients of a regression equation. Twenty runs were carried 
out, each run was repeated twice, and the relationship between the experimental 
levels of each factor and the responses was expressed by a fitted polynomial 
equation, which was then used to optimize the three individual factors. The 
significance of the factors was evaluated using the p-value, and the lack-of-fit value 
of the model was determined from the analysis of the variance. 
3.4.1 Percentage Removal of Ammonium 







The results indicated that the effect of current density, temperature and initial 
concentration were all significant (P-value < 0.05). The lack-of-fit implies that the fit 
was significant (P-value > 0.05). Figure 3.15 shows the residual plots for percentage 
removal of ammonium. 
 
Figure 3.15: Residual plots for percentage removal of ammonium. a) Normal 
probability plot. b) Patterns in residuals versus fitted values plots to check the equal 
variance. c) Frequency verses the residual d) Residual verses the observation order to 
check the randomness 
Figure 3.15-a shows verification of the assumption that the residuals are 
normally distributed, the normal plot of the residuals displays the difference between 
an observed value (blue points) and its corresponding fitted value (diagonal). The 
points in this plot should generally form a straight line along the diagonal if the 
residuals are normally distributed. If the points on the plot depart from a straight line, 
the normality assumption may be invalid. Figure 3.15-b shows verification of the 
assumption that the residuals have a constant variance, this plot should show a 








points, it may be an outlier. There should not be any recognizable patterns in the 
residual plot. For instance, if the spread of residual values tend to increase as the 
fitted values increase, then this may violate the constant variance assumption. Figure 
3.15-c determine whether the data are skewed or whether outliers exist in the data, an 
exploratory tool to show general characteristics of the residuals including typical 
values, spread, and shape. A long tail on one side may indicate a skewed distribution. 
If one or two bars are far from the others, those points may be outliers. Figure 3.15-d 
shows verification of the assumption that the residuals are uncorrelated with each 
other; this plot helps you to check the assumption that the residuals are uncorrelated 
with each other.  
After removing the insignificant factor, the predicted polynomial model of the 
ammonium removal, Y1, as function of the significant factors and their combinations, 
was developed, as shown in Eq (14): 




X1, X2 and X3  are current density, temperature, and initial concentration 
The developed polynomial was used to determine the effects of the three 


























Figures 3.16-3.18 show that the percentage removal of 𝑁𝐻4
+ increased with 
increasing the temperature and current density, and decreasing the initial 
concentration.  
3.4.2 Percentage Removal of Chloride 
Similar tests to those done on ammonium and presented in Section 3.3.1.1. 
were applied to chloride removal and the results are shown in Table 3.2 and Figure 
3.19. Table 3.2 shows the analysis of the variance, the effect of each factor (current 
density, and initial concentration) and their combinations, on the percentage of 











The results indicated that the effect of current density and initial concentration 
were significant (P-value < 0.05). The lack-of-fit implies that the fit was significant 














Figure 3.19: Residual plots for percentage removal of chloride. a) Normal probability 
plot. b) Patterns in residuals versus fitted values plots to check the equal variance. c) 
Frequency verses the residual d) Residual verses the observation order to check the 
randomness 
 
Figure 3.19- a shows verification of the assumption that the residuals are 
normally distributed; the normal plot of the residuals displays the difference between 
an observed value (blue points) and its corresponding fitted value (diagonal). The 
points in this plot should generally form a straight line along the diagonal if the 
residuals are normally distributed. If the points on the plot depart from a straight line, 
the normality assumption may be invalid. Figure 3.19-b shows verification of the 
assumption that the residuals have a constant variance, this plot should show a 
random pattern of residuals on both sides of 0. If a point lies far from the majority of 
points, it may be an outlier. There should not be any recognizable patterns in the 
residual plot. For instance, if the spread of residual values tend to increase as the 
fitted values increase, then this may violate the constant variance assumption. Figure 








exploratory tool to show general characteristics of the residuals including typical 
values, spread, and shape. A long tail on one side may indicate a skewed distribution. 
If one or two bars are far from the others, those points may be outliers. Figure 3.19-d 
shows verification of the assumption that the residuals are uncorrelated with each 
other; this plot helps you to check the assumption that the residuals are uncorrelated 
with each other.  
After removing the insignificant factor, the predicted model of the chloride 
removal, Y2, as function of the significant factors and their combinations, was 
developed, as shown in Eq (15): 
 Y2 = 26.90 + 52.9 X1 – 0.000419 X3
                                                                   (15) (15) 
X1 and X3  are current density and initial concentration 
The developed model was used to determine the effects of the two factors 
simultaneously in a 3-D surface response graphs shown in Figure 3.20: 
 
Figure 3.20: Effect of current density and the initial concentration on the percentage 
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Figure 3.20 shows that the percentage removal of Cl- decreased with increasing the 
initial concentration and increased with increasing the current density. 
3.4.3 Ammonium and Chloride Removal Optimization 
An optimization process was implemented using response optimizer in 
Minitab, and the results are shown in Figure 3.21. 
 
Figure 3.21: The optimization results of the effects of current density, temperature 
and initial concentration for maximum chloride and ammonium removals 
 
Figure 3.21  shows that increasing the current density increased the removal of 
chloride linearly as only the individual effect was significant, wheareas the removal 
of ammonium was parabolic, due to the second order significant term. No effect of 
temperature was observed on the percentage of removal of chloride, as suggested by 
Eq (15), whereas, the percentage removal of ammonium increased parabolically. The 






and chloride ions. The optimum removal for both ammonium and chloride ions was 
determined to be at a current density of 0.2 A/cm2, temperature of 36.8°C and initial 
concentration of 7400 mg/l of chloride. At this condition, the removal percentages of 
ammonium and chloride were found to be 106.86% and 34.37%, respectively. An 
independent experiment was done at 0.1167 A/cm2, and an initial concentrations of 
14250 mg/l and 20000 mg/l for ammonium and chloride, respectively, and at 30°C. 
At this condition, the removals of ammonium and chloride were found to be 71.55% 
and 26.88%, respectively. It was interesting to compare the removal percentage of 
chloride ions based on the total initial concentration of the ion, and based on initial 
ammonium chloride concentration generated in the Solvay process, which was taken 
to be equal to the initial concentration of NH4
+. At current density of 0.1167 A/cm2, 
an initial concentration of 14250 mg/l and 20000 mg/l for ammonium and chloride, 
respectively, and at 30°C, and based on the initial NH4Cl, the percentage removal of 
chloride was found to be 37.7%, compared to 26.88% based on the  initial 








Chapter 4: Conclusion 
The performance of electrocoagulation for the removal of 𝑁𝐻4
+ and Cl- from 
the effluent Solvay process was evaluated. The effects of temperature in the range of 
3.2 - 36.8°C, initial concentration of chloride in the range of 7400 - 32600 mg/l, and 
current density in the range of 0.033 - 0.2 A/cm2 were assessed in a batch 
electrocoagulation cell. Since the temperature and the current density effect was 
increasing throughout the tested range, and the initial concentration of ammonium 
and chloride ions effect was decreasing throughout the tested range then the best 
performance is achieved at the highest temperature, highest current density and the 
lowest initial concentration based on the predicted model (Eqs. 14 and 15).  
At all tested temperatures and initial concentrations, increasing the current 
density always resulted in increase in the removal. For example, at 20°C and an 
initial concentrations of 14250 mg/l and 20000 mg/l for ammonium and chloride, 
respectively, it was found that, increasing the current density from 0 to 0.2 A/cm2  
resulted in increasing in the removal percentage from 12.5 to 66.7% and from 3.55 to 
28.4% for 𝑁𝐻4
+ and Cl-, respectively. However, the effect of current density was 
more significant for the removal of 𝑁𝐻4
+ and Cl- at lower initial concentration and 
higher temperature. At all tested current density and initial concentrations, increasing 
the temperature always resulted in increase in the removal. For example, at 0.1167 
A/cm2 and an initial concentrations of 14250 mg/l and 20000 mg/l for ammonium 
and chloride, respectively, it was found that, increasing the temperature from 3.2 to 
36.8°C, resulted in increasing in the removal from 42.9 to 72.4% and from 21.8 to 
29.8% for 𝑁𝐻4
+ and Cl- , respectively. However, the effect of temperature was more 
significant for the removal of 𝑁𝐻4
+ at lower initial concentration and higher current 






tested current density and temperature, increasing the initial concentration always 
resulted in decrease in the removal. For example, at a current density of 0.1167 
A/cm2 and 20°C, increasing the initial concentration of chloride from 7400 to 
32600mg/l resulted in decreasing in the removal from 56.9 to 45.3% and from 30.3 
to 25.6% for 𝑁𝐻4
+ and Cl-, respectively. However, the effect of initial concentration 
was more significant for the removal of 𝑁𝐻4
+ at higher temperature and current 
density, whereas for Cl- the effect of initial concentration was more significant at the 
lower temperature and higher current density. 
  The experimental results were used to develop a model to predict the removal 
of ammonium and chloride. The model was validated against an independent 
experimental point not used in the development of the model equation (Eqs. 14 and 
15). At current density of 0.1167 A/cm2, an initial concentration of 14250 mg/l and 
20000 mg/l for ammonium and chloride, respectively, and at 30°C the removals of 
ammonium and chloride were found to be 71.55% and 26.88%, respectively. At this 
condition, the removal percentages predicted by the model Eqs. (14) and (15) were 
found to be 62.38% and 26.15% For 𝑁𝐻4
+ and Cl-, respectively. The difference 
between the experimental results and the model predictions are ± 14.6% and ± 2.7% 
𝑁𝐻4
+ and Cl-, respectively, which shows the adequacy of the model. This models 
(Eqs. 14 and 15) can be used for scaling up the experiments at higher temperature, 










4.1 Recommended Future Work 
The following future studies are recommend based on the experimental results: 
1. For the ammonium and chloride removal, carry out the numerical modeling at 
different operating conditions. 
2. To evaluate the performance of EC at different operating conditions, expand the 
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Table A1: Effect of no current density on the percentage of removal of NH4
+ after 6 hours at different temperature and an initial NH4
+ 
Concentrations of 14250 mg/l 
Temperature(°C) % removal of  NH4
+ % removal of  NH4
+ % removal of  NH4
+ (Avg) 
%removal of  NH4
+ 
(SD) current density 
20 12.2 12.8 12.5 0.42 0 A/cm2 
30 13.04 12.43 12.735 0.43 0 A/cm2 
TTEST(1-2) 0.63 
     
Table A2: Effect of current density on the percentage of removal of NH4
+ after 6 hours at different temperature and an initial NH4
+ 
Concentrations of 14250 mg/l 
 
Temperature(°C) % removal of  NH4
+ % removal of  NH4
+ % removal of  NH4
+ (Avg) 
%removal of  NH4
+ 
(SD) current density 
20 45.6 46.2 45.9 0.42 0.1167 A/cm2 
30 70.5 72.6 71.55 1.48 0.1167 A/cm2 
      Table A3: Effect of no current density on the percentage of removal of Cl- after 6 hours at different temperature and an initial Cl- 
Concentrations of 20000 mg/l 
Temperature(°C) % removal of Cl- % removal of Cl- % removal of Cl- (Avg) %removal of Cl- (SD) current density 
20 3.9 3.2 3.55 0.49 0 A/cm2 
30 5.8 3.8 4.8 1.41 0 A/cm2 
TTEST(1-2) 0.35 
    





Table A4: Effect of current density on the percentage of removal of Cl- after 6 hours at different temperature and an initial Cl- 
Concentrations of 20000 mg/l 
Temperature(°C) % removal of Cl- % removal of Cl- % removal of Cl- (Avg) %removal of Cl- (SD) current density 
20 26.36 25.39 25.875 0.68 0.1167 A/cm2 
30 27.77 25.99 26.88 1.25 0.1167 A/cm3 
 
Table A5: Effect of current density on the percentage removal of 𝑁𝐻4
+ ions after 6 hours at 20°C and initial concentrations of 14250 mg/l 
of 𝑁𝐻4
+. 
Current Density(A/cm2) % removal of  NH4
+ % removal of  NH4
+ 
% removal of 
 NH4
+ (Avg) 
%removal of  NH4
+ 
(SD) Temperature(°C) 
0 12.2 12.8 12.5 0.42 20 
0.033 44.91 45.76 45.33 0.59 20 
0.1167 45.69 46.23 45.96 0.38 20 
0.2 64.81 68.51 66.66 2.61 20 
TTEST(0-1) 0.000248     
TTEST(1-2) 0.33   
  TTEST(2-3) 0.0080   










Table A6: Effect of current density on the percentage removal of Cl- ions after 6 hours at 20°C and initial concentrations of 
20000 mg/l of Cl- 
Current Density(A/cm2) % removal of Cl- % removal of Cl- 
% removal of Cl- 
(Avg) 
% removal of Cl- 
(SD) Temperature (°C)  
0 3.9 3.2 3.55 0.49 20 
0.033 22.92 22.67 22.80 0.17 20 
0.1167 26.36 25.39 25.87 0.68 20 
0.2 28.95 27.79 28.37 0.82 20 
TTEST (0-1) 0.000372964     
TTEST (1-2) 0.025597481     
TTEST (2-3) 0.080522843     
 
Table A7: Effect of current density on the rate of removal of 𝑁𝐻4
+ ions at 20°C and initial concentrations of 14250 mg/l of 𝑁𝐻4
+. 
Current Density(A/cm2) 
Rate of removal of 
 NH4
+ 
Rate of removal of 
 NH4
+ 
Rate of removal of  NH4
+ 
(Avg) 





0 2.03 2.13 2.08 0.070710678 20 
0.033 12.85310734 11.44067797 12.14689266 0.998738392 20 
0.1167 14.4927 13 13.74635 1.055498292 20 
0.2 17.59259259 19.44444444 18.51851852 1.309457002 20 
TTEST(0-1) 0.004909606  
TTEST(1-2) 0.259845051 
    TTEST(2-3) 0.056860607 
     
 
 





Table A8: Effect of current density on the rate of removal of Cl-1 ions at 20°C and initial concentrations of 20000 mg/l of Cl-1 
Current Density(A/cm2) % removal of Cl-1 % removal of Cl-1 % removal of Cl-1 (Avg) % removal of Cl-1(SD) 
Temperature 
(°C) 
0 0.65 0.53 0.59 0.084852814 20 
0.033 4.0762 5.246 4.6611 0.827173513 20 
0.1167 4.4149 5.536 4.97545 0.792737412 20 
0.2 5.0417 6.722 5.88185 1.188151524 20 
TTEST(0-1) 0.020227902 
    TTEST(1-2) 0.735406923     
TTEST(2-3) 0.46419344 
     
